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Hydride vapor phase epitaxy (HVPE) GaN layers on sapphire substrates and so-called free-standing platelets (layers removed from the sapphire)
were studied by different transmission electron microscopy (TEM) techniques. Polarity determined by convergent beam electron diffraction (CBED) and distribution of structural defects, determined by conventional TEM, are discussed. HVPE layers were found to grow primarily with Gapolarity. A few inversion domains (areas with N-polarity) were observed on the substrate side of one of the free-standing layers. The dominant structural defects in HVPE GaN layers are threading dislocations. A systematic reduction of their density with increase in layer thickness was observed for all samples. The experimental results indicate that the density of dislocations is inversely proportional to the distance from the substrate, which agrees with the theoretical model. a) Also with: the Institute of Experimental Physics, Warsaw University, Hoza 69, 00-681 Warsaw, Poland
INTRODUCTION
In recent years, GaN-based semiconductors have attracted scientific interest because of their importance in many applications, mostly in optoelectronic, and highpower, and high-temperature electronic devices. Good quality GaN-based light-emitting diodes, blue lasers and metal-semiconductor field-effect transistors have been demonstrated. [1] [2] [3] [4] [5] [6] Despite the large number of applications and wide spread interest in GaN and other III-nitrides there are still some problems associated with the technology of these materials. One of them is the problem with available substrates for epitaxial growth of nitride semiconductor layers. There are still some difficulties in growing large bulk GaN crystals 7 , mostly due to the high N overpressure on GaN and the very small solubility of N in a Ga melt. Therefore, production of large area GaN crystals has not yet been realized. Instead, nitride layers have been grown on many foreign substrates, including ZnO, MgAl 2 O 4 , Si, GaAs, MgO, NaCl, W and TiO 2 . SiC 8 , and especially sapphire [9] [10] [11] [12] are most commonly used. Large differences in lattice parameter and in thermal expansion coefficient between GaN and sapphire result in a high density of threading dislocations. [13] [14] There are different approaches for overcoming this problem and reducing the number of dislocations. Since GaN films grown on sapphire consist of many slightly twisted/tilted subgrains separated by small angle grain boundaries formed by the threading dislocations some methods have focused on grain alignment or in the case of lateral epitaxial overgrowth on increasing grain size. 15 Other methods utilize the presence of intermediate layers where interactions between dislocations are enhanced so that they can combine or annihilate. [16] [17] Finally, since the density of threading dislocations approaching the layer surface decreases with increase of the layer thickness, an alternative method of obtaining GaN films with a low density of threading dislocations is homoepitaxial growth on very thick GaN layers on sapphire or other substrates.
Consequently, attention has turned to the growth of very thick GaN films by hydride vapor-phase epitaxy (HVPE). [18] [19] [20] [21] However, in order to efficiently use this method and in a controlled way reduce the density of dislocations a good understanding of the mechanism responsible for such reduction is needed. There are only a few papers in the literature, which discus the dislocation reduction process in thick HVPE GaN layers and their conclusions seemed to be somewhat contradictory. Based on experimental data and some theoretical considerations Albrecht et al. concluded that very efficient reduction of dislocation density takes place when only pure edge dislocations are present in the layer and that a small density reduction occurs when dislocations are distributed with all Burgers vectors. 22 On the contrary, Mathis et al. presented a theoretical model which leads to the conclusions that films with a high fraction of edge dislocations do not have significant dislocation reduction and mixed character dislocations promote the reduction reactions. 23 It seems than, that there is still some controversy about the dislocation density reduction mechanism and some additional experimental or/and theoretical studies are necessary. We believe that results of systematic studies presented in this paper can be an important experimental contribution to the discussion about the mechanism of dislocation reduction in HVPE GaN layers.
In this paper we present and discuss the results of structural studies, performed by the use of transmission electron microscopy (TEM) on a series of HVPE GaN layers grown on sapphire. We examined two types of layers: layers attached to the substrate and 25 was about 300 µm. After separation from the substrate these layers were mechanically polished, and dry etched on their original surface to obtain a smooth epi-ready surface. The opposite surface was only mechanochemically polished. For these two layers TEM plan-view specimens were prepared from both sides and from the remaining ones with the exception of the sample with the thickness of 55 µm where the large accumulated stress caused constant breaking only from the surface side. All TEM specimens were prepared by a standard method of mechanical pre-thinning followed by Ar-ion milling down to electron transparency. TEM studies were carried out using a TOPCON 002B microscope, operated at 200 kV acceleration voltage.
RESULTS AND DISCUSSION

CRYSTAL POLARITY
The [0001] direction of the GaN layer grown on a c-plane sapphire substrate can have two different polarities. These polarities correspond to orientation of the Ga-N bond, which is parallel to the c-axis. A layer has a Ga-polarity when the growth direction points from the Ga atom towards the N atom. When the growth direction points from the N atom towards the Ga atom a layer has a N-polarity.
In order to determine the polarity of the investigated GaN layers convergent beam electron diffraction (CBED) studies were applied. [26] [27] [28] Since GaN is a non-centrosymetric crystal, the intensity distribution within "+g" and "-g" diffraction discs in the CBED pattern are different and this difference can be attributed to Ga and N distribution within the unit cell. In our studies of cross-sectional specimens we have chosen the [1100] zone axis CBED pattern for two reasons: one -it contains the (0002) and (0002) diffraction discs with different intensity distribution due to crystal polarity and second -it contains a small number of well separated discs and therefore it is easily interpretable. Since the intensity distribution within the CBED discs depends also on sample thickness, the central -(0000) -disc was first used to determine the sample thickness and then a CBED pattern was simulated for this specific thickness to match asymmetrical intensity distribution within the (0002) and (0002) diffraction discs. To assure the correctness of polarity assignment for each layer [1100] zone axis CBED patterns were recorded in different regions, corresponding to several TEM specimen thicknesses and matched with simulated patterns.
The method described above was applied to all layers attached to sapphire substrates and it was found that they grow with Ga polarity. An example of an experimental CBED pattern recorded for the HVPE layer with a thickness of 2.5 µm is shown in Fig. 1 for the TEM sample thickness of 210 nm. A very good match between the experimental and calculated pattern for this sample thickness was obtained.
It is well documented in the literature that under certain conditions inversion domains (ID), e.g. regions with opposite polarity, can be formed during MOCVD [29] [30] [31] or MBE 32 growth of GaN layers. There are also some indications that such domains can be formed in GaN during HVPE growth. 33 Taking this into consideration, for each layer we checked polarity in many different areas of the TEM samples and only one, Ga-polarity was found. There were no IDs observed in the layers attached to the sapphire substrate (e.g. grown at MIT).
For both free-standing layers CBED studies were performed on both sides of the crystals, that means close to the original surface and close to the rough surface formed during layer lift-off. In case of sample FS1 these studies showed that the layer has Gapolarity. As in the case of layers attached to sapphire no IDs were observed. Sample FS2 was found to have predominately Ga-polarity. However, a relatively high density of IDs was observed close to the substrate side. Their presence was first indicated by diffraction contrast studies showing that ID boundaries disappear for g-vector perpendicular to the caxis of the GaN crystal and are in strong contrast for the g-vector parallel to the c-axis (see Fig. 2 ). 29, 30 The presence of these IDs was confirmed by CBED study showing N-polarity within such domains. Fig. 3 (a) shows a TEM micrograph of the area on the substrate side with some IDs. The CBED pattern recorded from within such an ID with the simulated pattern and a schematic distribution of atoms along the growth direction are shown in Fig. 3(b) . Analogous patterns and schematic distributions of atoms for a neighboring, defect-free area are shown in Fig. 3(c) . One can notice that, again a very good match between experimental and simulated patterns was obtained and that the ID has N-polarity, opposite to that of the surrounding material. The formation mechanism of such IDs during growth of some HVPE GaN layers is not yet clear and its understanding will require future studies.
EXTENDED DEFECTS Misfit dislocations
The large lattice mismatch (about 14 %) between GaN and sapphire results in a large number of misfit dislocations at the interface between these two materials which are the result of plastic deformation that relieves the large strain accumulated in the system.
The number of misfit dislocations present at the interface can be estimated based on high resolution electron microscopy (HREM) images. We recorded such images for layers Results of dislocation density measurements are summarized in Table I and plotted in In order to include in the plot the dislocation density data, obtained from freestanding layers, the assumption was made that N-and Ga-surfaces, formed after polishing, were initially at distances of ~100 µm and ~300 µm, respectively, form the sapphire substrate. Table I and the plot shown in Fig. 5 also include an experimental point representing the lowest measured dislocation density obtained on HVPE GaN grown on sapphire. 35 It was achieved on a 750 µm thick Samsung layer.
In our studies we also investigated the distribution of threading dislocations among different types of Burgers vectors. It is well known that there are primarily three types of threading dislocations in GaN films each having one of the three Burgers vectors: 1/3 <11-20>, <0001> and 1/3 <11-23> representing edge, screw and mixed dislocations, respectively with the assumption that the dislocation lines lie parallel to the c-axis. 36 In order to identify the Burger's vector of a dislocation one needs to record at least two diffraction conditions for which the dislocation contrast disappears, however based on two images (recorded for g-vector parallel and perpendicular to the c-axis) one can identify the type of dislocation. An edge dislocation will appear only in the image recorded for g-vector perpendicular to the c-axis whereas a screw dislocation will be visible only in the image recorded for g-vector parallel to the c-axis. On the other hand, a mixed-type dislocation will appear in both images. In our study we applied such a method to estimate the relative densities of the different types of dislocations. For each layer we recorded pairs of images for both types of g-vectors: parallel and perpendicular to the c-
axis. An example of such a pair of bright-field images obtained for a 2.5 µm -thick layer and a pair of dark-field images obtained for the 5.5 µm-thick layer are shown in Figs 6 and 7, respectively. Such an analysis showed that in the thinner layers (2.5 µm-thick) all three types of dislocations were present in similar numbers. For 5.5 µm-thick layer the numbers of edge and screw dislocations were similar whereas the number of mixed dislocations was about two times higher. Similar experiments performed on the free-standing templates, which were much thicker, showed that most of the remaining threading dislocations present in these templates were of mixed Burger's vector.
However, due to a very low density of dislocations, there were only a few dislocations visible within the electron transparent area of the TEM specimens and so the level of confidence of such assignment of dislocation type distribution is much lower.
Our studies on distribution of threading dislocations in HVPE GaN layers can be helpful in understanding the dislocation density reduction mechanism in this material.
Such reduction process visible from the trend of experimental data presented in There have been few attempts in literature to formulate a theory, which describes interactions of threading dislocations and reduction of their density. In one publication Speck et al. 37 proposed a model according to which, overall density of threading dislocations ρ in relatively thick layers is inversely proportional to the film thickness h:
where, K is a dislocation reaction cross-section. The authors used this model successfully to explain the 1/h -scaling behavior observed experimentally in several cubic materials by Sheldon et al. 38 We applied this model to our experimental data from HVPE GaN layers presented in Fig. 5 . Surprisingly, this model seems to work very well also in this case, as can be seen from Fig. 5 where the curve representing the best fit of equation (1) was shown in addition. This fit was obtained for a value of 308 ± 35 Å for the K parameter. Mathis et al. 23 applied a similar approach to analyze experimental data reported by Golan et al. 39 obtained on HVPE GaN using plan-view TEM and X-ray diffraction measurements. They obtained a value of 275 Å for K, which agrees well with our value of 308 ± 35 Å for this parameter.
Mathis et al. 23 extended the model proposed by Speck et al. 37 for cubic semiconductors into the case of wurzite GaN. According to this model efficiency and kinetics of dislocation reduction strongly depends on the initial dislocation distribution between different types of Burgers vectors. The authors performed several simulations, which show such strong dependence. There is also an experimental paper by Albrecht et al. 22 , which emphasizes the role of initial dislocation population on efficiency of dislocation density reduction. However, these two papers seem to be somewhat contradictory. Mathis et al. 23 concluded that there is an efficient reduction of threading dislocation density in films with a high fraction of mixed character dislocations since only such dislocations tend to be inclined. On the other hand, films with a high fraction of edge dislocations should not have significant dislocation reduction. Contrary to this statement Albrecht et al. 22 claimed that only films that have primarily only edge type dislocations exhibit strong dislocation density reduction. Our results obtained on HVPE GaN layers seem to support the first of these two papers. We observe a strong dislocation reduction (by almost four orders of magnitude in films of a thickness of a few hundreds micrometers) and the investigated films had a large fraction of mixed character dislocations. On the other hand, there are still some discrepancies between our experimental data and predictions of the theoretical model presented by Mathies et al. 23 For example, this model predicts that dislocation density would saturate for large layer thickness and there is no such saturation observed in our data (see Fig. 5 ). Similarly, the authors of this theoretical paper did not observe such a saturation for experimental data by Golan et al 39 . We believe however that this theoretical model is correct and that saturation will appear for films thicker than these which were investigated.
SUMMARY
Transmission electron microcopy (TEM) was applied to study HVPE GaN layers grown on sapphire. CBED studies performed on both, thin, attached to the substrate films, and thick, free-standing layers showed that they grow with Ga polarity. However, in case of one thick free-standing layer a relatively high density of inversion domains having N-polarity were observed near the "substrate side". Their presence was confirmed by both, CBED and diffraction contrast analysis. The origin of these inversion domains is still not clear but since these defects terminated within the layer and did not propagate to the original free surface of the thick layer, they should not effect properties and quality of an epitaxial layer, grown on such a substrate.
A high density of misfit dislocations was present at the substrate/layer interface in the attached layers. The average distance between them was estimated to be about 20 Å as reported in the literature for the GaN/Al 2 O 3 system. These misfit dislocations are associated with the threading dislocations, which are the dominant structural defects within the HVPE GaN layers. All three types of threading dislocation (edge, screw and mixed) with similar numbers were observed. For all samples attached to the sapphire the highest density (in the range of 10 10 cm -2 ) was observed in a thin region adjacent to the GaN/sapphire interface. As the distance from the substrate increased a gradual reduction of threading dislocation density (resulting from interactions between dislocations) was observed. This reduction was well described by the 1/h -scaling factor predicted by the theoretical models of Speck et al. 37 (for cubic materials) and Mathis et al. 23 (for hexagonal GaN layers). Our experimental data showing a high rate of threading dislocation reduction with thickness increase along with the presence of a high fraction of mixed type dislocations supports the theoretical model of dislocation reduction proposed by Mathis et al. 23 This model predicts that the density of dislocation will tend to saturate with increase of layer thickness. Our results suggest that this saturation level should be near or even below the 10 6 cm -2 value. With this low a density of dislocations, thick GaN layers grown by HVPE should be useful templates for homoepitaxial growth of GaN.
Moreover, the fact that the results obtained on layers having different thicknesses and grown in two different laboratories had the same polarity and followed the same trend of dislocation reduction suggests good reproducibility for HVPE growth. 
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